Objective-To assess the role of cell failure in the development of autonomic dysfunction in patients with coronary artery disease. Design-Autonomic function was measured by standard clinical methods and by heart rate variability in 24 type II diabetic and 24 non-diabetic subjects with coronary artery disease. Quantitative estimates of pancreatic cell function (% ) and insulin resistance were made from basal plasma glucose and insulin concentrations using a computer solved model. Fasting proinsulin levels provided an independent measure of cell function. Results-The circadian rhythm of sympathovagal balance (ratio of low to high frequency spectral components of heart rate variability) was significantly attenuated in patients with below median (% < 63.3) compared with above median pancreatic cell function. Multiple measures of autonomic function showed positive associations with % (low frequency: r = 0.41, p = 0.004; high frequency: r = 0.27, p = 0.07; lying/standing fall in systolic pressure: r = −0.30, p = 0.04) and negative associations with proinsulin (low frequency: r = −0.35, p = 0.03; high frequency: r = −0.36, p = 0.02; standard deviation of RR intervals: r = −0.43, p = 0.007). Associations tended to be stronger in non-diabetic than diabetic patients. In contrast, there was no association between insulin resistance and either autonomic function or the circadian rhythm of sympathovagal balance, regardless of diabetes status. Conclusions-The data are consistent with the hypothesis that cell failure plays a pathogenic role in the development of autonomic dysfunction in patients with coronary artery disease. (Heart 2000;83:210-216) 
Diabetes is a major risk factor for atherosclerosis 1 2 and is commonly complicated by autonomic dysfunction. This may interact with the clinical manifestations of coronary heart disease, particularly the perception of ischaemic cardiac pain, 3 predisposing diabetic patients to silent myocardial ischaemia 4 5 and painless infarction. 6 Autonomic dysfunction may also have a direct impact on the pathogenesis and prognosis of myocardial infarction. Thus circadian variability in the onset of myocardial infarction (peaking in the morning) is diminished or absent in patients taking blockers, and also in diabetic patients, 7 -11 a group in whom autonomic dysfunction causes reductions in heart rate variability and abnormal circadian patterns of sympathovagal activity. 12 13 Similar abnormalities of heart rate variability after myocardial infarction identify a group at increased risk of death during early follow up. [14] [15] [16] [17] [18] Mechanisms of autonomic dysfunction in diabetes are unknown. One hypothesis is that there is direct neurological damage resulting from the high circulating insulin levels that often accompany type II diabetes. Certainly, hyperinsulinaemia in type II diabetes has been associated with both autonomic dysfunction 19 and increased cardiovascular morbidity and mortality. [20] [21] [22] However, recently developed specific insulin assays have cast doubt upon this hypothesis, showing that patients with type II diabetes may be insulin deficient, the increase in circulating immunoreactive insulin reflecting cross reaction with proinsulin and its conversion metabolites. 23 24 In patients with type II diabetes there is a disproportionate increase in circulating proinsulin which may reflect the increased demand on the pancreatic cell, causing depletion of mature insulin granules with premature release of unprocessed proinsulin. 25 Raised proinsulin is thus regarded as a marker of pancreatic cell failure, and its positive correlation with sympathovagal balance led Töyry et al to speculate that proinsulin rather than insulin might have a role in the development of autonomic nervous damage. 26 Another hypothetical mechanism of autonomic dysfunction in diabetes is ischaemic neurological damage occurring as an indirect response to insulin resistance, 19 27 which has been shown to disturb the microcirculation in many tissues. 28 29 In the present study we examined potential mechanisms of autonomic nervous damage by measuring relations between autonomic function and the production and action of insulin in diabetic and non-diabetic patients with coronary artery disease.
Methods
Forty eight male patients aged 33 to 75, with angiographically confirmed coronary artery disease, were recruited. All were either asymptomatic or had mild stable angina (Canadian Cardiovascular Society class I−II), with well preserved left ventricular function (ejection fraction > 50%). Twenty four patients had type II diabetes (mean (SD) duration 8.2 (9.5) years, 18 on oral hypoglycaemic agents and six on diet alone); none had a history of postural hypotension or other microvascular complications. The diabetic and non-diabetic patients were matched for ethnic origin, with Asians comprising half of each group. Exclusion criteria included previous myocardial infarction, hypertension, heart failure, revascularisation within the previous six months, atrial fibrillation, unstable or insulin dependent diabetes mellitus, clinical signs of peripheral neuropathy or other neurological disease, history of alcohol abuse, thyroid dysfunction, renal or hepatic dysfunction, retinopathy severe enough to warrant treatment, proteinuria, and concurrent treatment with angiotensin converting enzyme inhibitors. The study was approved by the East London and City Health Authority research ethics committee, and all patients gave written informed consent.
All vasoactive drugs ( blockers, long acting nitrates, and calcium antagonists) were stopped for at least three days before 24 hour Holter monitoring for heart rate variability. Oral hypoglycaemic agents were stopped for 24 hours and after a 12 hour overnight fast patients underwent blood sampling for insulin, proinsulin, glucose, and lipid determinations. Those patients without a previous diagnosis of diabetes underwent an oral glucose tolerance test according to World Health Organisation guidelines, 30 using a 75 g glucose load to exclude diabetes or glucose intolerance. All patients returned one to two weeks later for a further fasting glucose, insulin, and proinsulin measurement, again having stopped oral hypoglycaemic agents for 24 hours. Clinical tests of autonomic function were performed on all patients between 9.00 am and 12.00 noon. The waist-hip ratio was determined using the maximum waist and minimum hip measurements.
HEART RATE VARIABILITY Twenty four hour ambulatory Holter monitoring for heart rate variability was performed using a Marquette Series 8000 recorder (Marquette-Hellige, Daventry, Northants, UK). Tapes were analysed by a single physician blinded to the identity of the patient. The recordings were analysed for spectral and nonspectral measures of heart rate variability with Marquette heart rate variability software. The measures calculated were: 24 hour mean amplitude of low (0.04-0.15 Hz) and high (0.15-0.40 Hz) frequency spectral analysis, proportion of adjacent RR intervals more than 50 ms diVerent (pNN50), root mean square of diVerence of successive RR intervals (rMSSD), mean of all five minute standard deviations of RR intervals (SD), standard deviation of five minute mean RR intervals (SDANN), and the standard deviation of all RR intervals (SDNN). The ratio of low to high frequency spectral components of heart rate variability was calculated and plotted at hourly intervals to provide information about the circadian rhythm of sympathovagal balance.
CLINICAL AUTONOMIC FUNCTION TESTS
Five standard tests of autonomic function were performed according to the methods of Ewing and Clarke. 31 RR intervals were calculated electronically from an ECG obtained with a signal amplifier, using custom written software (RR Medical Electronics, Birmingham, UK). A Valsalva manoeuvre (to 40 mm Hg measured against a mercury column) was performed for 15 seconds and the Valsalva ratio was calculated from the ratio of the longest RR interval after the manoeuvre to the shortest RR interval during the manoeuvre; a mean of three measures was used and provided an index of parasympathetic function. Heart rate was also monitored during deep breathing for six cycles for calculation of peak inspiratory and minimal expiratory RR values, the mean of the diVerences providing another index of parasympathetic function. Heart rate and blood pressure responses to standing from the supine position were measured. The heart rate ratio 30 beats after standing to 15 beats after standing (30:15 ratio) provided an index of parasympathetic function, and the absolute decrease in systolic pressure provided an index of sympathetic function. Finally the diastolic blood pressure response to sustained hand grip (at 30% maximum) for as long as possible up to five minutes was determined as a measure of sympathetic function.
LABORATORY ANALYSES
Samples for glucose, insulin, proinsulin, and lipid determinations were taken in the fasted state on two occasions at least one week apart and in each case the mean value of these was used. Blood samples for plasma insulin and proinsulin assay were collected into prechilled tubes containing heparin, centrifuged immediately at 2500 × g at 4°C, and stored without delay at −400°C until analysed. Samples for venous plasma glucose were collected simultaneously into fluoride oxalate tubes and samples for lipids into plain tubes. Plasma glucose was measured by a glucose oxidase method using a centrifugal analyser (Cobas Bio/Roche, Ely, UK). Plasma insulin was analysed using a specific enzyme linked immunosorbent assay method (Dako Insulin, Dako Diagnostics, Ely, Cambridgeshire, UK) which does not cross react with proinsulin. The detection limit was 3 pmol/l and the interassay coeYcient of variation less than 10% between 40 and 1250 pmol/l. Plasma proinsulin was analysed by a two site immunometric assay (Dako Proinsulin, Dako Diagnostics) with a detection limit of 1.0 pmol/l and interassay coeYcient of variation less than 12% between 4.6 and 55 pmol/l. Plasma total cholesterol and triglyceride were measured enzymatically.
INSULIN RESISTANCE AND CELL FUNCTION
Pancreatic cell function and insulin sensitivity were measured using the homeostatic model assessment (HOMA) method. 32 This method uses a computer solved model which predicts basal plasma glucose and insulin concentrations arising from varying degrees of pancreatic cell deficiency and insulin resistance. Thus comparison of fasting glucose and insulin values with the model's predictions allowed a quantitative assessment of the contributions of insulin sensitivity (%S, an inverse measure of insulin resistance) and pancreatic cell dysfunction (% ) to the fasting glucose concentration.
STATISTICAL ANALYSIS
Statistical analyses were performed using the computer program Statistica for Windows, Release 5.1 (Statsoft Inc, Tulsa, Oklahoma, USA). Data are presented as mean (SD) unless otherwise stated. Comparison between diabetic and non-diabetic patients was by unpaired t test for normally distributed data and by the MannWhitney U test for data that were not normally distributed (% , %S, insulin, proinsulin, rMSSD, and pMN50). Both autonomic function and pancreatic cell function were negatively correlated with age; age adjusted variables were derived using estimates derived from regression equations fitted overall and within subgroups. Variables were log transformed before regression where appropriate. Associations between age adjusted autonomic function and variables derived from fasting glucose and insulin measurements were assessed by calculating Spearman's rank correlation (r s ). 
Results

CLINICAL CHARACTERISTICS
There were no significant diVerences between the diabetic and non-diabetic patients as regards age, sex, blood pressure, smoking status, renal function, and fasting lipids (table  1) . Body mass index was similar for the two groups, but the waist-hip ratio tended to be higher in diabetic than in non-diabetic patients.
CELL FUNCTION AND INSULIN SENSITIVITY
Diabetic patients had higher fasting glucose and proinsulin levels than non-diabetic patients, and pancreatic cell function (% ) was reduced (table 2) . However, fasting insulin levels and insulin sensitivity (%S) were not significantly diVerent between the two groups. These results are shown in tables 4 and 5. Analysis of the entire cohort revealed no correlation between autonomic function and insulin sensitivity (%S), regardless of diabetes status. In contrast, multiple measures of autonomic function correlated positively with pancreatic cell function (% ) and negatively with fasting proinsulin levels. Subgroup analysis showed that these correlations tended to be stronger in non-diabetic than diabetic patients.
Figure 1 Circadian variation of sympathovagal balance for the entire cohort and by diabetic status, pancreatic cell function (% ), and insulin resistance (%S). LH:HF represents the low to high frequency ratio. Values of % and %S
CIRCADIAN VARIABILITY OF SYMPATHOVAGAL
ACTIVITY
Analysis of sympathovagal balance (measured by the ratio of low to high frequency spectral components of heart rate variability) within the entire cohort showed significant circadian variation (p < 0.0001) with a nocturnal trough rising abruptly around 6.00 am (fig 1) . Circadian variation was significantly attenuated in diabetic compared with non-diabetic patients, and in patients with below median (% < 63.3) compared with above median pancreatic cell function. In contrast, the circadian variation of sympathovagal balance was unaVected by reductions of insulin sensitivity.
Discussion
This study has confirmed our previous observation that in stable patients with coronary artery disease, autonomic function measured clinically or by heart rate variability is reduced in patients with type II diabetes compared with non-diabetic controls. We have now extended this observation by showing that autonomic function is also reduced in patients with pancreatic cell dysfunction, regardless of diabetes status. Importantly, we found no association between autonomic function and insulin resistance, measured by the HOMA model.
AUTONOMIC DYSFUNCTION AND TYPE II DIABETES
Evaluation of autonomic function used not only the "bedside" techniques of Ewing and Clarke, 31 but also measures of heart rate variability that are particularly sensitive for detecting early neuropathy in diabetes. 33 34 Despite the fact that patients with and without type II diabetes were similar in age and none had neuropathic symptoms or evidence of other microvascular complications, there was a consistent trend toward autonomic impairment in the patients with type II diabetes compared with non-diabetic controls. This is consistent with our previous observations in type II diabetic patients with coronary artery disease 5 and confirms that subclinical autonomic neuropathy is common in this group, predisposing to silent ischaemia and painless infarction.
We have previously hypothesised that predisposition to acute ischaemic events in diabetic patients with coronary artery disease is favoured by abnormal circadian rhythms of autonomic function. 11 In the present study, circadian rhythms of autonomic function were plotted using spectral analysis of heart rate variability to provide information about sympathovagal balance, according to the method of Pagani et al. 35 For the group as a whole, the normal pattern of nocturnal trough and morning surge of sympathovagal balance was demonstrated, but in the diabetic group, the rhythm was significantly attenuated compared with the non-diabetic group, indicating that the neuropathic defect that characterises type 2 diabetic patients with coronary artery disease may have potentially important physiological consequences.
AUTONOMIC DYSFUNCTION AND PANCREATIC CELL FAILURE
Despite its clinical importance in coronary artery disease, the cause of autonomic neuropathy in patients with type II diabetes is not known. Töyry et al 26 have recently hypothesised that proinsulin, a marker of pancreatic cell failure, 25 36 may have a direct pathogenic role based on its negative association with sympathovagal balance, a finding we have confirmed in the present study. Although the associations in both studies were weak, the consistency of the finding must strengthen its validity. We have now extended these observations by quantitative estimation of pancreatic cell function derived from fasting plasma glucose and insulin values using the method of homeostasis model assessment (HOMA). 32 HOMA estimates of cell function have been well validated 32 and in the present study were significantly associated with heart rate variability measurements of autonomic function. Moreover, the circadian variation of sympathovagal balance was significantly attenuated in the group with cell dysfunction, regardless of diabetes status, further strengthening the hypothesis that cell dysfunction is related to the development of autonomic neuropathy, probably because of increased proinsulin production. Of course, this need not imply a causal relation. Thus, while it is tempting to speculate that increased proinsulin production in response to cell dysfunction plays a pathogenic role in diabetic autonomic neuropathy, there is no collateral evidence to support this hypothesis. The converse hypothesis is that autonomic dysfunction aVects pancreatic cell failure, as the autonomic nervous system regulates insulin secretion from cells and impaired processing of insulin may result in high circulating levels of proinsulin. However, this hypothesis is less likely given that the increase in circulating immunoreactive insulin (incorporating insulin, proinsulin, and its conversion intermediates) that accompanies cell failure in patients with type II diabetes has been shown to predict future development of autonomic neuropathy, 19 and the present results do support an involvement of proinsulin levels in the pathogenesis of autonomic dysfunction. In this study we measured intact proinsulin. The relative contribution of the proinsulin conversion intermediates to the observed relation with autonomic function is unknown but the major intermediate conversion product 32,33 split proinsulin may be implicated in view of the observation that plasma 32,33 split proinsulin concentrations are more closely related to cardiovascular risk factors than insulin or intact proinsulin in both diabetic and nondiabetic subjects. 37 38 We have previously found that the altered perception of angina sometimes associated with autonomic dysfunction can be demonstrated in non-diabetic as well as in diabetic patients with coronary artery disease. 3 Similarly, the association between autonomic and pancreatic cell dysfunction in the present study occurred in both diabetic and nondiabetic patients. This suggests that early cell failure may predispose to neuropathy even in the absence of frank diabetes or impaired glucose tolerance, both of which had been excluded in the non-diabetic group by glucose tolerance testing.
AUTONOMIC DYSFUNCTION AND INSULIN
RESISTANCE
An important observation in the present study was the absence of any association between autonomic function and insulin resistance. Again, insulin resistance was derived from fasting plasma glucose and insulin levels using the HOMA method, 32 which correlates well with the gold standard method for measuring insulin sensitivity, the euglycaemic hyperinsulinaemic clamp. 32 None of the wide range of clinical and heart rate variability measurements of autonomic function obtained in this study showed significant association with insulin resistance; nor was there significant attenuation of the circadian variation of sympathovagal balance in the subgroup with heightened insulin resistance. The combined weight of these observations makes insulin resistance an unlikely player in the pathogenesis of autonomic neuropathy aVecting type II diabetic patients with coronary artery disease.
CONCLUSIONS
We have found that pancreatic cell function, but not insulin resistance, is significantly associated with several measures of autonomic function. This association is largely independent of diabetic status. The data are consistent with the hypothesis that cell failure plays a pathogenic role in the development of autonomic dysfunction in patients with coronary artery disease.
IMAGES IN CARDIOLOGY
ST segment elevation in the precordial leads mimicking Brugada syndrome A 58 year old man was referred following the diagnosis of recent onset inferior myocardial infarction (A). Coronary arteriography showed a critical stenosis in the proximal segment of the right coronary artery. Percutaneous transluminal coronary angioplasty (PTCA) was performed to dilate the stenotic lesion. During the first attempt at PTCA, ST segment elevation in leads II, III, aVF, and the precordial leads similar to ECG changes seen in Brugada syndrome were recognised (B). ST elevation was transiently observed during this procedure and thereafter it was not seen in spite of repeated PTCA (C). Although coronary arteriography revealed moderate stenosis in the right ventricular branch before PTCA, it was completely occluded at the end of the session. As the right ventricular branch originated from just before the proximal portion of the stenotic lesion of the right coronary artery, it was considered to be concomitantly exposed to ischaemia during PTCA.
The right ventricular free wall to the outflow tract are important regions in the cause of ST segment elevation similar to Brugada syndrome, regardless of whether the cause is ischaemic or idiopathic. 
